The aim of this review is to discuss labelfree and real-time assays characterizing the electrical impedance of cells for biomedical and pharmacological applications. Electrical impedance measurements can be used to non-destructively monitor cellular behavior by analyzing the electrical cell-substrate impedance, which is determined by cellular morphology and distribution on the sensing electrode. Cellular electrical impedance measurements can be used to analyze the effects of various therapeutic agents, nanoparticles, naturally derived bioactive compounds, chemotaxins, or other stimulants on cellular cytotoxicity, motility, migration, invasion, and proliferation. This method is becoming increasingly widespread, with applications ranging from basic studies of the cell cycle, cell signaling, chronic disease, and pathophysiological mechanisms to smart cell monitoring and high-throughput screening, which are required by the pharmacological industry.
Introduction
Continuous, non-destructive cell monitoring techni-ques are increasingly required for advanced cell systems that aim to investigate dynamic cell properties and increase the predictive efficiency of drug responses. Electrical cell-substrate impedance sensing (ECIS) was pioneered by Giaever and Keese 1 and is a real-time, label-free method used to characterize cellular behavior and responses to drug candidates. It has been successfully used in the analysis of cell proliferation, differentiation, migration, adherence, apoptosis, and necrosis [2] [3] [4] [5] [6] [7] [8] , as well as in therapeutic investigations of neuroprotective effects 9 , anti-tumor activity 10 , and angiogenic activity 11 , thus allowing rapid and accurate drug screening. This review article focuses on cell-based assays that use ECIS for the basic study of cells and smart cell monitoring applications required by the pharmaceutical industry.
The electrical impedance of cells is determined by cellular parameters, including shape and size, the cell membrane, cell-cell or cell-substrate junctions, and extracellular matrix complexity, which can be modelled by equivalent circuit models. The dielectric properties of biological cells result from the interfacial polarization of the cell membrane with high resistivity and cell barrier resistance due to the heterogeneous structure of cells 12, 13 . The cell plasma membrane is composed of two layers of phospholipids with embedded proteins, indicating that it is a semipermeable membrane that only certain molecules can pass across. Since the conductivity of the membrane is considerably lower than that of external media and the cytoplasm, the inside and outside of the cell become two conductors that are separated by an insulated membrane, indicating capacitor properties. Consequently, the entire electrical circuit model for the Table 1 . Comparison of the electrical impedance analyses of cells in recent 5 years.
Analysis
Cell type Result Research Group Adhesion/ Migration MVEC, HUVEC Cell migration on a gelatin coated electrode after thrombin stimulation [2] HEF, HaCaT Monitoring of skin wound healing process on nano-grooves [3] O2US, HDF Effect of Polydeoxyribonucleotides on migration and proliferation for wound healing study [4] 3T3-L1 Optimization of the growth and differentiation of 3T3-L1 to adipocytes [6] 3T3, HaCaT Mathematical model for quantitative analysis of the growth and healing process of different cells [7] hASCs Variability of the age-grouped cells in proliferation and osteogenic differentiation [8] Microglia Macrophage
Modulation of hinokiresinols on the cell migration ability [9] SH-SY5Y Proliferation of cells treated by atmospheric pressure plasma [10] HUVEC Effect of two-herb formula on the migration and proliferation of cells [11] hiPSC-derived RPE Migration of the patient-specific cell model of macular degeneration during wound healing process [25] Cancer Cell Research MCF-7, MDA-MB-231 Wavelet-based analysis for differentiation of normal and cancerous cells [5] MCF-7 Proliferation of cancer cells exposed to different concentration of Chitosan [55] A549
S-180
Detection of the rare circulating tumor cells captured by anti-EGFR immobilized on the electrode [62] A549
MRC-5
Characterization of the number of cancer cells captured by dielectrophoresis [63] Cytotoxicity Screening C2C12, HEK293 Electrical impedance based viability assay of the cells exposed to H2O2 [15] Cor Cytotoxicity of superparamagnetic iron oxide nanoparticles [60] impedance of cells includes the electrode/electrolyte interfacial impedance, the intracellular and extracellular resistance, the capacitance of the cell membrane, and the resistance of the culture medium. An alternating electric current at a sufficiently high frequency can penetrate the cell membrane, allowing the analysis of the cell membrane and the cytoplasm. When using a low frequency current traveling through the gaps between cells, it is possible to investigate the impedance of the extracellular space to study cell junctions, adhesion, or detachment related to apoptosis and necrosis 14 .
The electrode sensor of the ECIS system developed by Giaever and Keese 1 is composed of working and counting electrodes, which are connected to a lock-in amplifier and a signal function generator processed by a personal computer. As shown in Figure 1 , the alternating current flowing through the electrodes and cells is restricted by the current limiting resistor serially connected to the function generator. Cells are inoculated on the electrode substrate mounted with culture chambers and cultured in the incubator to be grown on the electrode surface. When a weak alternating current is applied across the electrodes from the signal generator, the responsive potential is recorded by the lock-in amplifier to determine the electrical impedance by using the ratio of the voltage to the current 15 . The impedance spectrum measured without cells is characterized by the electrode interfacial impedance and the solution resistance. Due to the capacitive characteristics of the electrode interface caused by the electric double layer, the total impedance at low frequencies is mainly governed by the electrode impedance. The electrical properties of solution is revealed when the capacitive electrode impedance is lower than the solution resistance at enough high frequencies.
When cells adhere and spread to the electrode surface during cell growth, the impedance magnitude or resistance at intermediate frequencies increases because the cells, which have an insulating membrane, disturb the current flow through the electrode. As cells proliferate sufficiently such that the cell density on the limited area of the electrode surface is saturated, the increase in impedance or resistance is halted. Cells may become detached from the electrode surface for diverse reasons, including an excess number of cells, cytotoxic effects, contamination, apoptosis, or necrosis. In such cases, the impedance or resistance decreases as the electric current can flow freely through the uncovered electrode surface. Another cell impedance measurement study demonstrated the role of Epac1, which is activated by cyclic adenosine monophosphate (cAMP), as a mediator of cell barrier function and endothelial junction tightening 16 . With a high sampling rate of impedance measurements, the contractile activities of cardiomyocytes, which result in changes in impedance signals, could be monitored in real time [17] [18] [19] .
Monitoring the electrical impedance of cells has the advantages of being non-destructive and providing real-time data, in comparison with conventional methods using labeled markers, which are invasive, only provide discrete measurements, and require time and consumables for analysis. Electrical impedance measurements can provide high throughput, smart monitoring of cellular conditions and responses to extracellular stimuli for the cell-based assays and drug development in the biomedical and pharmacological fields. Although numerous articles have reported the use of electrical impedance characterization of cells in various applications, because of limited space, this review will focus on studies of 1) cell adhesion and migration, 2) cancer cell research, and 3) cytotoxicity screening.
Cell Adhesion and Migration
The adhesion and migration of cells are essential processes that occur during the maturation and development of organs 20,21 , wound-healing progression 22 , and pathophysiological events, such as tumor cell migration 23 or atherosclerotic smooth muscle cell formation 24 . Using ECIS, dynamic events associated with cell migration and adhesion in vitro and in vivo can be observed and understood. To characterize the maturation of human induced pluripotent stem cell-derived retinal pigment epithelium (RPE), ECIS has been utilized during the differentiation of the patient's fibroblasts into RPE cells ( Figure 2 ) 25 . Cells that are plated on the culture dish surface begin to adhere, migrate, and modify their shape while interacting with each other and the substrate. Resistance was found to rapidly increase as cells attached and spread on the sensing electrode and then gradually decrease according to cell confluence and maturation. ECIS and wound healing assays were used to characterize the migration of cells from peripheral areas to the wounded area.
Cell migration is characterized by processes involving the actin-rich cortex of the plasma membrane. These processes include protrusion of actin-rich structures at the leading cell front, the formation of attachments connecting the actin cytoskeleton across the plasma membrane to the substrate, and traction to draw forward the bulk of the cytoplasm that has fallen behind. The degree of the cellular adhesion/ migration can be analyzed by using the microfluidic device generating shear stress gradients 26 . Cytoskeletal contractility allows cells to move by leading and trailing edges and the migrating cells display directional polarity 27 . To observe cell migration, it is also important to understand the wound-healing process after the removal of cells from the adherent cell layer by mechanical scratching with pipette tips, needles, or cell scrapers 28, 29 . The wound area that occurs after scratching is gradually re-covered with migrating cells. Although this method is cost-effective, simple, and applicable for various cell types, it has limitations in that the reproducibility of the wounded region usually varies in shape and size for each experiment. Moreover, mechanical damage of the cell monolayer may cause accidental removal of the substrate-coated materials and the release of cellular contents 30 . Electrical wounding with a current pulse can be used to control the shape and size of the wounded region in cell layers. An electrical wound-healing assay using a direct current (DC) signal was first reported in 1997 31 . However, the DC current level in the original study was uncontrolled, which led to variable wound characteristics and cellular conditions after exposure to the DC field. A refined method reported in 2004 32 used an alternating current (AC) of the correct amplitude and frequency to allow the control of wound parameters and cellular conditions after exposure. With AC wounding and analysis using ECIS, it is possible to create a highly reproducible wound with a precise area, pattern, or shape and to perform a wound-healing assay in an entirely automated system.
In the pathophysiology of atherosclerosis, vascular smooth muscle cell (VSMC) migration plays a crucial role in contributing to fibrous cap formation 33 . While normal VSMCs are immobile and act as regula-tors of vasodilation and vasoconstriction, injured vascular endothelial cells cause cholesterol-mediated inflammation in the intimal layer of the vessel wall 34, 35 . Inflammatory cells, such as monocytes and T-cells, trigger the release of cytokines, including interleukin-1, platelet-derived growth factor, endothelin, and angiotensin II, which leads to VSMC migration and proliferation. VSMCs switch to a specific synthetic phenotype as they attempt to activate the healing response in neighboring cells. However, the presence of excessive concentrations of mitogens in the cellular microenvironment may cause a failure in the switch back to the contractile phenotype 36 . VSMCs with a synthetic phenotype cannot regulate vascular contraction due to a reduction in the release of the required proteins. Instead, migrated cells induce pathogenic vascular remodeling and generate intimal vascular lesions. As VSMCs gradually build up in the vascular intima, the atherosclerotic plaque hardens and grows, causing an obstacle to blood flow. ECIS-based wound-healing assays can be an appropriate method to identify possible suppressors of VSMC migration during atherosclerosis. Mulberry 1-deoxynojirimycin (DNJ) or 5'-adenosine monophosphate-activated protein kinase inhibitor (AI) have been reported to inhibit or promote VSMC migration, respectively [37] [38] [39] . ECIS and wound-healing assays have been performed to monitor the inhibitory effect of DNJ on the migration of A7r5 VSMC cells under hyperglycemic conditions mimicking diabetes, in which patients are vulnerable to early atherosclerosis events. After glucose-treated VSMCs were seeded on the electrode, a voltage pulse at a frequency of 64 kHz was implemented to create the wound. ECIS data collected during cell healing showed that AI activated cell migration, whereas DNJ inhibited the migration of cells in high-glucose media.
Cancer Cell Research
The development of cancer is linked to the uncontrolled progression from one cell cycle step to the next, causing abnormal cell division and replication, resulting in the formation of tumors 40 . The position of cancer cells varies from floating to adherent depending on the particular phase of the cell cycle. ECIS has been utilized to understand cancer cell behavior, such as proliferation, migration, and invasion. Abnormal, uncontrolled cell division, creating the aggregation of cancer cells, in contrast to normal cells, can be continuously monitored using ECIS 41 . Using ECIS to monitor cycle-synchronized HeLa cells, it has been reported that cell impedance increases in the G 1 and S phases but decreases in the G 2 and M phases 42 . These results are consistent with the adherence of cells to the substrate during G 1 phase, their growth and spreading during S phase, and their division during M phase. The different electrical properties between the normal MRC-5 cells and A549 cancer cells can be characterized by the electrical impedance measurement 63 .
In cancer research, cell invasion, referring to the penetration of cells into an extracellular matrix or other cells, is the key point of interest as it correlates with metastatic features. Since such invasive action is not well understood, the mechanisms of the migration and adhesion of malignant tumor cells need to be quantified using ECIS, which provides label-free, real-time monitoring of cell behavior. ECIS-based invasive assays have been employed to detect the ability of SKOV3 ovarian cancer cells to invade peritoneal mesothelial cells, resulting in cell disruption and a corresponding decrease in impedance 43 . When peritoneal mesothelial cells form a monolayer on the electrode during cultivation, the measured cell impedance is stable. However, after ovarian cancer cells are added to the monolayer, a dramatic drop in resistance is recorded, indicating cell invasion through the mesothelial cell layer. On the other hand, the non-invasive and noncancerous cell line, NIH3T3 and MCF-7 breast cancer cells, which have low invasive properties, are unable to invade mesothelial cells and thus, show no significant drop in resistance. The adhesion, migration, and invasion of ovarian cancer cells has been shown to be stimulated by lysophosphatic acid 44, 45 .
For a more accurate understanding of the characteristics of cancer cell migration and invasion, threedimensional (3D) cell culture systems that mimic the natural in vivo cell environment have been investigated 46, 47 . For evaluating cell migration and invasion, divers chambers have been designed and fabricated 48 . To non-destructively monitor cell migration and invasion into the microporous membrane in real-time, electrical impedance measurement techniques have been combined with a 3D chamber. The electrode pairs for such impedance measurements are located in each separate culture area, allowing current flow through the membrane pores. When the cells cultured in one chamber migrate to another chamber through the pores of the insulating membrane, the electrical impedance of the membrane increases. A microelectrode array integrated microfluidic channel system has also been developed to monitor the chemotactic migration of single cancer cells in a 3D matrix 49 . After injecting a cell suspension into the microfluidic channel, single cells are hydrodynamically trapped by the cell-capture array, as shown in Figure 3 . The application of the chemoattractant through the microporous membrane induces the migration of single cells according to the concentration gradient in the 3D microenvironment.
The feasibility of the impedance monitoring of single cells in microfluidic channels described above helps resolve the difficulties in detecting circulatory tumor cells (CTCs), which are present at a low concentration in blood. Since CTCs are thought to be the main candidate for metastasis, the diagnostic and predictive value of CTCs have increasingly and continuously attracted attention 61, 62 . To increase the ability to capture CTCs and to improve the measurement sensitivity, the electrode surface can be modified by new materials, including carbon nanotubes (CNTs) 50 . For the rapid, sensitive, and low-cost detection of cancer cells, electrodes with multi-walled carbon nanotubes (MWCNTs) have been fabricated and evaluated in peripheral blood from liver cancer patients. The signal enhancement advantages provided by the high surface area, low overvoltage, rapid electrode kinetics, and chemical stability of CNT sensors, make them favorable for the sensitive and specific detection of cancer cells. A cancer cell sensor using epithelial cell adhesion molecule (EpCAM) on a MWCNT nanocomposite-coated ITO electrode, has been established to effectively capture human liver cancer cells (HepG2), based on the specific binding of an EpCAM antibody to the tumor-associated cell surface antigen. The experimental results demonstrated that the change in impedance measured using this system is dependent on the concentration of the attached target cells spiked into fetal bovine serum.
Cytotoxicity Screening
Tracking the cytotoxic side effects of bioactive compounds is an essential part of drug safety studies and the cell cytotoxicity screening is the first step in drug discovery. In many cases of clinical drug trials, candidates have been rejected due to unanticipated toxic effects that are difficult to evaluate using label-dependent methods, because of possible interference with the redox probes used in cell viability assays 51 . ECIS is a label-free, continuous method that can estimate acute and chronic toxicity, avoid the risk of foreign interference, and provide high-throughput screening of drug candidates. The principle of cytotoxicity detection using ECIS is based on the ability to detect the changes in cell morphology and distribution on the electrode as the cell responds to the toxic materials applied. As the cells adhere, proliferate, and fully cover the surface area of the sensing electrode, electrical impedance increases until it reaches a plateau. When toxic molecules are applied to the cells, a change in the impedance of the cells results from changes in the morphology and distribution of the cells on the electrode, which is dependent on the concentration of the toxic substance and the time of exposure. The impedance value decreases with increases in the exposed area of the electrode because of the disruption or detachment of cells from the electrode surface as a result of the toxic effects.
The toxic effects of extracts from natural sources on GT1-7 immortalized mouse hypothalamic neurons has been successfully demonstrated to be associated with impedance values and can be visualized using green and red fluorescence, which indicate metabolically active or damaged cells 52 . Resazurin reduction, ATP-luminometric, and LIVE/DEAD assays have been performed using extracts of silver birch, milk thistle, olive, and propolis. The olive and propolis extracts were found to significantly interfere with the LIVE/DEAD viability/cytotoxicity kit and the silver birch extracts were found to interfere with all assessed dyes. In contrast to the inaccuracy of the label-dependent assays, ECIS could provide cytotoxicity data for these naturally derived compounds. Figure 4 shows the cytotoxic effect of the neurotoxicant (menadione) on the GT1-7 mice immortalized hypothalamic neurons detected by the chronic impedance change. This dynamic information on cytotoxicity cannot be obtained using label-based assays, due to their single-point measurements. Natural compounds from marine environments have drawn much attention for their potential therapeutic applications 53 . One such compound is chitosan, an amino polysaccharide found in shrimp and crabs, which can be used as absorption enhancer for peptide drugs or as a 2D or 3D scaffold for wound healing 54 . Furthermore, the toxic effect of chitosan on the breast cancer cell line MCF-7, has been assessed by ECIS using a transparent multi-disc indium-tin oxide electrode array 55 . The impedance of cells was shown to decrease with increasing chitosan concentration and that the impedance-based CC 50 values could be determined to supplement results from the conventional MTT assay.
Since the toxicological effects of drug candidates are time and/or concentration dependent, it is important to monitor cellular responses and behavior according to the drug diffusion and exposure time. A hydrogel-based tissue chip mimicking 3D cellular structures, with microfluidic channels for vessels, has been developed for temporospatial analysis of cytotoxicity using ECIS 56 . Using this system, a cell chamber with cultured Hela cells on a microelectrode array was filled with hydrogel, which has a restricted diffusivity, and cells were exposed to doxorubicin through the microfluidic channels, which control the flow rate of the liquid containing the drug. The drug-supplying channel was placed perpendicular to the row of separated cell chambers that were mounted on the electrode array. The drug delivery was enabled via diffusion from the condition channel to the control channel, through the chamber containing the hydrogel ( Figure 5A ). The concentration of the drug supplement used in this assay was found to be dependent on the distance of the cell chamber from the supplying channel, i.e. the closest chamber was treated with the highest concentration of the drug. The relative resistance of the four independent electrodes used in the system showed a time-concentration dependency and IC 50 values were determined ( Figure 5B) . Thus, the cells were exposed to the desired concentration gradient of the drug in a 3D environment and cell viability could be observed by using an in vivo-mimicking model.
The assessment of the cytotoxicity of nanomaterials is essential for developing a diverse range of nanomaterial-based biomedical tools, including those used for drug delivery or chemical and biological sensing 57 . Using ECIS, it has been shown that gold nanorods, functionalized by a cytotoxic surfactant, provoke cell growth disturbances. However, rods coated with a biocompatible polymer containing the functional groups, -COOH or -NH 2 , showed no cytotoxic effects or suppression of cell adherence/proliferation, respectively 58 . The cytotoxic effects of superparamagnetic iron oxide nanoparticles (SPION) on endothelial cells have also been investigated using ECIS. Despite the active use of SPION in biomedicine and MRI diagnostics due to its low cytotoxicity 59 , ECIS examination has demonstrated decreases in cell impedance according to the concentration of nanoparticles used for treatment, resulting in adverse effects on endothelial integrity ( Figure 6 
Conclusions
The characterization of the electrical impedance of cells has great potential in numerous biomedical and pharmacological applications. Because of the labelfree, non-destructive, real-time, continuous nature of measurements made with this method, it outranks traditional label-based methods for cellular assays. The ECIS system is a convenient, rapid, and highly sensitive tool for cytotoxicity screening and can be essential for studies evaluating drug candidates. This review shows that the use of ECIS in cell-based assays has many advantages over conventional cell viability assays that use fluorescence dyes, which can interact with naturally derived biologically active compounds, thus affecting the sensitivity of cytotoxicity detection. By contrast, ECIS provides accurate results without any errors attributed to redox-active constituents. In vitro cell migration models can be established using electrical wounding and a reproducible, automatic detection system that can provide comprehensive information on cell migration and invasion during atherosclerotic inflammation or cancer progression. The continuous observation of all phases of the cell cycle will contribute to our understanding of the abnormal cell division of malignant tumor cells.
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Finally, electrical impedance assays can screen cellular behavior in a multiplex fashion, whereas standard biological assays are labor-intensive and cost-inefficient.
